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Abstract
We study, in the framework of open quantum systems, the entanglement generation between two
mutually independent static two-level atoms in de Sitter spacetime. We treat the two-atom system
as an open system in interaction with a bath of fluctuating conformally coupled massless scalar
fields in the de Sitter invariant vacuum and derive the master equation which governs its evolution.
With the help of the partial transposition criterion, we analyze entanglement generation between
the two initially separable atoms and find that static atoms in de Sitter spacetime exhibit distinct
characteristics from those in a thermal bath in flat spacetime in terms of entanglement generation.
So, in, principle, one can tell whether he is in a thermal bath or in de Sitter space by checking the
entanglement creation between two initially separable static atoms in certain circumstances.
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I. INTRODUCTION
Quantum entanglement describes a more intimate relationship between physical systems
than one may encounter in the classical world. A pure state of n subsystems is entangled if
it cannot be expressed as a direct product of the states of the subsystems, while for a mixed
state, it is called entangled if it cannot be written as a convex combination of product
states [1]. Quantum entanglement is at the heart of quantum information science [2], since
it provides a key resource in many fascinating applications, such as quantum communica-
tion [3], quantum teleportation [4], quantum cryptography [5], quantum metrology [6] and
so on. One of the major barriers to the realization of the quantum information technologies
is the environmental induced decoherence and dissipation to the quantum systems, which
may cause entanglement degradation. However, an external environment can also provide
indirect interactions between subsystems through correlations that exist. Therefore, there
are certain situations where the environment may create entanglement rather than destroy
it [7, 8]. For two non-interacting atoms immersed in a common thermal bath, it has been
found that, entanglement generation can be controlled by varying the bath temperature and
the distance between the atoms, and the entanglement can persist even in the asymptotic
equilibrium state for vanishing atom separation [9].
Recently, studies of entanglement generation caused by the correlations induced by the
environment have been further carried out in many different situations including curved
background [10–15]. Benatti et al. have found that a uniformly accelerating two-atom
system interacting with a bath of fluctuating scalar fields in the Minkowski vacuum will
turn out to be entangled [10], and this may be considered as a manifestation of the Unruh
effect [16]. Their work has been extended to the case with the presence of a reflecting
boundary [11], and it has been shown that, although the radiative properties for a single
uniformly accelerated atom coupled to the scalar vacuum is the same as that immersed in a
thermal bath, accelerated atoms may exhibit distinct features from static ones in terms of the
entanglement creation [17]. Recently, a similar issue of quantum entanglement generation
has been studied for inertial atoms in de Sitter spacetime [12], where a pair of initially
separable atoms is coupled to the scalar fields for a finite duration such that the atoms
are kept causally independent, and then the negativity is examined for the final state.
Although a single atom behaves as if there were a thermal bath at the Gibbons-Hawking
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temperature [18], in certain circumstances, atoms in a thermal bath can get entangled while
those in the corresponding de Sitter space can not [12]. Let us also note here that the classical
and quantum correlations of scalar fields in de Sitter spacetime are investigated using a two-
level detector model in interaction with both conformally coupled and minimally coupled
massless scalar fields in Ref. [13].
In the present paper, we plan to study the entanglement generation for two mutually
independent static two-level atoms in de Sitter spacetime in the framework of open quan-
tum systems. Being the unique maximally symmetric curved spacetime, de Sitter spacetime
is the simplest nontrivial curved background and extensive studies have been done on the
quantization of scalar fields in this spacetime [19–27]. De Sitter spacetime is also of impor-
tance in cosmology since current cosmological observations in association with the inflation
theory suggest that our universe may approach the exponentially expanding de Sitter phase
both in the far past and the far future. Our interest in static atoms also lies in the fact
that static atoms have an inherent acceleration in de Sitter spacetime. It is therefore worth
comparing the entanglement generation for static atoms in de Sitter spacetime with that
for the static ones in a thermal bath in flat spacetime. Here we note that the approach
applied in the current paper is different from that in Ref. [12, 13], where the interactions
between the atoms and fields are modulated by a window function such that the atom-field
interactions can be considered as noncausal events, and the evolution of the atoms can be
regarded as unitary except for a finite duration when the interaction is switched on. In
the current paper, we treat the two-atom system as an open system which interacts with a
bath of fluctuating vacuum scalar fields in de Sitter spacetime and which therefore evolves
non-unitarily, and by tracing over the field degrees of freedom we derive the master equation
which governs the atom’s evolution. In so doing, we are able to examine the entanglement
dynamics, in particular, the entanglement generation at the beginning of evolution and the
entanglement remaining in the late asymptotic times. At this point, let us note that the
thermal nature in de Sitter spacetime has also been investigated through the radiative prop-
erties of atoms using the so-called DDC formalism [28, 29] and in the framework of open
quantum systems [30].
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II. TWO ATOM MASTER EQUATION
The system we study is composed of two mutually independent static two-level atoms in
interaction with a bath of conformally coupled massless scalar fields in vacuum in de Sitter
spacetime. The total Hamiltonian takes the form
H = HA +HF +HI . (1)
Here HA is the Hamiltonian of the two-atom system,
HA = H
(1)
A +H
(2)
A , H
(α)
A =
ω
2
σ
(α)
3 , (α = 1, 2), (2)
where σ
(1)
i = σi ⊗ σ0, σ(2)i = σ0 ⊗ σi, with σi (i = 1, 2, 3) being the Pauli matrices, σ0 the
2×2 unit matrix, and ω the energy level spacing of the atoms. HF is the Hamiltonian of the
massless scalar fields in de Sitter spacetime, details of which do not need to be specified here.
HI is the Hamiltonian describing the interaction between the atoms and the scalar fields,
and we suppose it to be in the following form in analogy to the electric dipole interaction [10]
HI = µ [(σ2 ⊗ σ0)Φ(t,x1) + (σ0 ⊗ σ2)Φ(t,x2) ] , (3)
where µ is the coupling constant which is assumed to be small.
The time evolution of the total system in the proper time τ is governed by the von
Neumann equation ∂τρtot(τ) = −i[H, ρtot(τ)], with the initial state taking the form ρtot(0) =
ρ(0)⊗ |0〉〈0|, where |0〉 is the vacuum state of the scalar fields and ρ(0) describes the initial
state of the two-atom system. The reduced dynamics of the two-atom system is derived by
tracing over the field degrees of freedom ρ(τ) = TrF [ρtot(τ)], and it takes the Kossakowski-
Lindblad form [31, 32] in the limit of weak-coupling
∂ρ(τ)
∂τ
= −i[Heff , ρ(τ)] + L[ρ(τ)] , (4)
with
Heff = HA − i
2
2∑
α,β=1
3∑
i,j=1
H
(αβ)
ij σ
(α)
i σ
(β)
j , (5)
and
L[ρ] = 1
2
2∑
α,β=1
3∑
i,j=1
C
(αβ)
ij
[
2 σ
(β)
j ρ σ
(α)
i − σ(α)i σ(β)j ρ− ρ σ(α)i σ(β)j
]
. (6)
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The elements of the matrices C
(αβ)
ij and H
(αβ)
ij are determined by the Fourier and Hilbert
transforms of the following field correlation functions
G(αβ)(τ − τ ′) = 〈Φ(τ,xα)Φ(τ ′,xβ)〉 , (7)
G(αβ)(λ) and K(αβ)(λ), which are defined respectively as
G(αβ)(λ) =
∫
∞
−∞
d∆τ eiλ∆τ G(αβ)(∆τ) , (8)
K(αβ)(λ) = P
πi
∫
∞
−∞
dω
G(αβ)(ω)
ω − λ , (9)
where P stands for principal value. Then the Kossakowski matrix C
(αβ)
ij can be written
explicitly as
C
(αβ)
ij = A
(αβ)δij − iB(αβ)ǫijk δ3k − A(αβ)δ3i δ3j , (10)
where
A(αβ) =
µ2
4
[G(αβ)(ω) + G(αβ)(−ω)] ,
B(αβ) =
µ2
4
[G(αβ)(ω)− G(αβ)(−ω)] .
(11)
H
(αβ)
ij can be similarly obtained by replacing G(αβ) with K(αβ) in the above equations.
III. THE CONDITION FOR ENTANGLEMENT CREATION
Four dimensional de Sitter spacetime can be viewed as the hyperboloid
z20 − z21 − z22 − z23 − z24 = −α2 , (12)
embedded in five dimensional Minkowski spacetime
ds2 = dz20 − dz21 − dz22 − dz23 − dz24 . (13)
By applying the following parametrization
z0 =
√
α2 − r2 sinh t/α ,
z1 =
√
α2 − r2 cosh t/α ,
z2 = r cos θ ,
z3 = r sin θ cosφ ,
z4 = r sin θ sin φ ,
(14)
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the static de Sitter metric is obtained
ds2 =
(
1− r
2
α2
)
dt2 −
(
1− r
2
α2
)
−1
dr2 − r2(dθ2 + sin2 θdφ2) , (15)
where α =
√
3/Λ with Λ being the cosmological constant. The origin of the coordinates
r = 0 corresponds to the position of the observer, so the coordinate singularity at r = α is
the cosmological horizon for the observer, and the coordinates (t, r, θ, φ) cover only part
of the de Sitter spacetime. Here, for simplicity, we assume that two static atoms are held at
the same distance to the observer at r = 0 but at different azimuthal angles, i.e., they are
assume to be located respectively at (t, r, θ, φ) and (t, r, θ′, φ).
In dealing with curved spacetime, a delicate issue is how to determine the vacuum state of
the quantum fields. Here we choose the de Sitter-invariant vacuum state, since it preserves
the de Sitter invariance and is considered to be a natural choice of vacuum state in this
spacetime [25]. The Wightman function of a conformally coupled massless scalar field in the
de Sitter invariant vacuum takes the form [19, 20]
G+(x, x′) = − 1
4π2
1
(z0 − z′0)2 − (z1 − z′1)2 − (z2 − z′2)2 − (z3 − z′3)2 − (z4 − z′4)2
. (16)
Then the correlation functions for two spacetime points where the atoms are located can be
easily derived as
G(11)(x, x′) = G(22)(x, x′) = − 1
16π2κ2 sinh2( τ−τ
′
2κ
− iǫ) , (17)
G(12)(x, x′) = G(21)(x, x′) = − 1
16π2κ2
1
sinh2( τ−τ
′
2κ
− iǫ)− r2
κ2
sin2 ∆θ
2
, (18)
with κ =
√
g00 α , where we have used the relation ∆τ =
√
g00 ∆t. The Fourier transforms
with respect to the proper time are
G(11)(λ) = G(22)(λ) = 1
2π
λ
1− e−2piκλ , (19)
G(12)(λ) = G(21)(λ) = 1
2π
λ
1− e−2piκλ f(λ, L/2) , (20)
where f(λ, z) is defined as
f(λ, z) =
sin[2κλ sinh−1(z/κ)]
2zλ
√
1 + z2/κ2
, (21)
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and L = 2r sin(∆θ/2) is the usual Euclidean distance between the two points (r, θ, φ) and
(r, θ′, φ). Plugging the Fourier transforms into Eq. (11), one obtains
C
(11)
ij = C
(22)
ij = A1 δij − iB1ǫijk δ3k − A1δ3i δ3j , (22)
C
(12)
ij = C
(21)
ij = A2 δij − iB2ǫijk δ3k − A2δ3i δ3j , (23)
where
A1 =
µ2ω
8π
e2piκω + 1
e2piκω − 1 ,
A2 =
µ2ω
8π
e2piκω + 1
e2piκω − 1 f(ω, L/2) ,
B1 =
µ2ω
8π
,
B2 =
µ2ω
8π
f(ω, L/2) .
(24)
Now we examine whether two initially separable atoms can get entangled at the beginning
of evolution. For this purpose, the partial transposition criterion [33] can be applied, i.e.,
a two-atom state ρ is entangled if and only if the operation of partial transposition of ρ
does not preserve its positivity. Here we focus our study on pure initial states since that
if the bath can not entangle these states, it can neither entangle their mixtures. Further,
for simplicity, the initial state of the two atoms is supposed to be ρ(0) = |+〉〈+| ⊗ |−〉〈−|.
In this case, the partial transposition criterion leads to a more manageable condition, i.e.,
entanglement can be generated at the neighborhood of time t = 0 if and only if [8, 9]
〈u|C(11)|u〉〈v|(C(22))T )|v〉 < |〈u|Re(C(12))|v〉|2 , (25)
in which the superscript T denotes matrix transposition, and the three-dimensional vectors
|u〉 and |v〉 take the form as ui = vi = {1,−i, 0}. The condition (25) becomes after some
straight calculations using Eq. (11),
(
A2
A1
)2
+
(
B1
A1
)2
> 1 , (26)
where (
A2
A1
)2
=
sin2[2κω sinh−1(L/2κ)]
ω2L2(1 + L2/4κ2)
, (27)
(
B1
A1
)2
=
(
e2piκω − 1
e2piκω + 1
)2
. (28)
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Here both A22/A
2
1 and B
2
1/A
2
1 range from 0 to 1. For a given atom, B
2
1/A
2
1 depends only
on κ or the effective temperature Teff =
1
2piκ
which can be rewritten in the form
T 2eff =
(
1
2πα
)2
+
(
a
2π
)2
= T 2ds + T
2
U , (29)
where Tds =
1
2piα
is the temperature of thermal radiation in de Sitter spacetime as perceived
by a freely falling observer, and TU =
a
2pi
is the Unruh temperature with
a =
r
α2
(
1− r
α2
)
−1/2
=
r
α
κ−1 (30)
being the inherent acceleration of a static atom in de Sitter spacetime. Therefore, Teff
actually arises as a combined effect of both the thermal nature of de Sitter spacetime char-
acterized by the Gibbons-Hawking temperature Tds and the Unruh effect related to the
inherent proper acceleration a of the static atoms. On the other hand, A22/A
2
1 depends both
on κ and the separation L. For a given κ, A22/A
2
1 oscillates as L increases with a decreasing
amplitude, from one when L = 0 to z ero when L goes to infinity. While for a given L, the
relation between A22/A
2
1 and κ is somewhat complicated and depends on the specific value
of L. When the atoms are located near r = 0, κ will be very large since the cosmological
constant is very small, so the effective temperature will be vanishingly small (∼ 10−30 K),
and B21/A
2
1 will approach to 1. At the same time, A
2
2/A
2
1 also approaches to 1 since L→ 0,
so the inequality (26) is satisfied. When the differences between the polar angles ∆θ = 0,
the separation of the two atoms L is vanishing, then A22/A
2
1 = 1, and the condition is also
fulfilled unless the atoms are placed at the horizon where the effective temperature is in-
finitely high so that B21/A
2
1 = 0. Thus for a given position r, there always exists an angle ∆θ
less than which entanglement between the two atoms can be generated, except for r = α.
A comparison between the equations above and those for entanglement creation for two
static atoms in a thermal bath in flat spacetime [9] shows that static atoms in de Sitter
spacetime behave differently from the ones that immersed in a thermal bath in flat spacetime
in terms of entanglement generation at the beginning of evolution. To be specific, for a given
atom, A22/A
2
1 here depends both on the separation L and the effective temperature, while the
corresponding term for a thermal bath, i.e., Eq. (37) in Ref. [9], depends on the separation
L only. This suggests that although a single static atom coupled to the fluctuating scalar
fields in de Sitter invariant vacuum behaves the same as if it were in a thermal bath in a
flat spacetime at a temperature Teff , the two situations can be distinguished by examining
8
whether entanglement is generated between two initially separable static atoms. So, in
principle, quantum entanglement creation can tell whether you are in a thermal bath in a
flat spacetime or in a de Sitter spacetime.
IV. DISCUSSION AND CONCLUSION
In summary, we have studied the entanglement generation between two mutually inde-
pendent static two-level atoms in de Sitter spacetime in the framework of open quantum
systems. The two-atom system is treated as an open quantum system in interaction with
a bath of fluctuating conformally coupled massless scalar fields in the de Sitter invariant
vacuum, and the master equation describing its evolution is derived. We then analyze en-
tanglement generation between the two initially separable atoms with the help of the partial
transposition criterion, and find that the conditions for entanglement generation for static
atoms in de Sitter spacetime are different from those in a thermal bath in the flat space-
time. So, in principle, one can tell whether he is in a thermal bath or in de Sitter space by
checking the entanglement creation between two initially separable static atoms in certain
circumstances.
Now a comment is in order. We focus, in this paper, on the condition of entanglement
generation for initially separable static atoms at the beginning of evolution with the help of
the partial transposition criterion. However, this criterion can not tell us how the entangle-
ment evolves and whether it can persist over time. Although the effects of decoherence and
dissipation due to the interaction with environment will generally cause the initially entan-
gled pairs to be separable, there are also cases in which the entanglement are preserved at
late times. In order to quantify the late time entanglement of the two-atom system, we may
take concurrence [34] as a measurement. Following the same procedures as in Ref. [9, 10],
one finds that the asymptotic state concurrence is nonzero only if the distance between the
atoms is vanishing, and it takes the same form as that of the static two-atom system in a
thermal bath with a temperature Teff . This is not surprising, since the two atoms are at the
same space point and the unique field correlations due to the non-trivial de Sitter geometry
is absent.
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